Neat1 is a long noncoding RNA (lncRNA) that serves as an architectural component of the nuclear bodies known as paraspeckles. Two isoforms of Neat1, the short isoform Neat1_1 and the long isoform Neat1_2, are generated from the same gene locus by alternative 3' processing. Neat1_1 is the most abundant and the best conserved isoform expressed in various cell types, whereas Neat1_2 is expressed in a small population of particular cell types, including the tip cells of the intestinal epithelium. To investigate the physiological significance of isoform switching, we created mutant mice that solely expressed Neat1_2 by deleting the upstream polyadenylation (poly-A) signal (PAS) required for the production of Neat1_1. We observed the loss of Neat1_1 and strong upregulation of Neat1_2 in various tissues and cells and the subsequent hyperformation of paraspeckles, especially in cells that normally express Neat1_2.
Introduction
Many long noncoding RNAs (lncRNA) are transcribed from the genome, and these transcripts regulate various molecular and cellular processes, including the epigenetic control of gene expression, mRNA processing, and the formation of nonmembranous cellular bodies (Long et al. 2017) . Neat1 is one of the best-studied functionally validated lncRNAs and serves as an architectural component of the nuclear bodies known as paraspeckles (Chen and Carmichael 2009; Clemson et al. 2009; Sasaki et al. 2009; Sunwoo et al. 2009 ). Paraspeckles are phase-separated nonmembranous nuclear bodies that are unique to mammalian species Nakagawa et al. 2018 ); more than 40 proteins assembled at a specific region of Neat1 (Fox et al. 2002; Dettwiler et al. 2004; Fox et al. 2005; Naganuma et al. 2012; Fong et al. 2013; Hu et al. 2015; Kawaguchi et al. 2015 ) form a characteristic core-shell structure (Souquere et al. 2010; West et al. 2016) . Paraspeckles have been proposed to function via the sequestration of paraspeckle-associated RNA binding proteins within these nuclear bodies Imamura et al. 2014) . Two isoforms of Neat1, Neat1_1 (3.2 kb in mouse and 3.7 kb in human) and Neat1_2 (20 kb in mouse and 23 kb in human), are generated from the same locus by alternative 3' processing (Naganuma et al. 2012) .
Neat1_1 transcripts are processed by the canonical 3' end processing complex CPSF6-NUDT21 (CFIm) and are cleaved at the polyadenylation (poly-A) signal (PAS) located upstream. The 3' processing of Neat1_1 is inhibited by Hnrnpk, which binds to sequences between the CFIm binding site and the PAS, resulting in the generation of readthrough products that give rise to the long isoform Neat1_2 (Naganuma et al. 2012; Yamazaki et al. 2018) . Alternative polyadenylation is also regulated by Tardbp, which binds to the GU-rich motifs upstream of the PAS (Modic et al. 2019) . The 3' end of Neat1_2 is cleaved by RNase P, and the non-polyadenylated transcripts are stabilized by triple-helix RNA structures found in the terminal region of Neat1_2 (Wilusz et al. 2012; Yamazaki et al. 2018) . The specific knockdown of Neat1_2 leads to the disassembly of paraspeckles even in the presence of intact Neat1_1, suggesting that Neat1_2, but not Neat1_1, is required for the formation of paraspeckles (Sasaki et al. 2009 ). While most cultured cell lines express both Neat1_1 and Neat1_2 and form paraspeckles, strong expression of Neat1_2 is restricted to a subpopulation of particular cell types in mouse tissues, and Neat1_1 expression is widespread (Nakagawa et al. 2011) . Accordingly, prominent paraspeckle formations are found in only the small population of cells expressing high levels of Neat1_2, including the tip cells of the intestinal epithelium, the surface mucous cells of the stomach, and the corpus luteal cells in the ovary (Nakagawa et al. 2011) . Cells that express only Neat1_1 do not form paraspeckles, and Neat1_1 is diffusely localized to the nucleoplasm of these cells (Nakagawa et al. 2011; Li et al. 2017) . Consistent with the strong expression of Neat1_2 in corpus luteal cells, the fertility of female Neat1 knockout (KO) mice is severely decreased due to the impaired formation of the corpus luteum and the subsequent decrease in serum progesterone . Notably, only half of the Neat1 KO female mice exhibit a subfertile phenotype, and the corpus luteal cells exhibit normal differentiation in the fertile mutant mice, without the formation of paraspeckles. Neat1 KO mice also exhibit defects in the lactation ) and the phenotypic switching of vascular smooth muscle cells in response to vascular injury (Ahmed et al. 2018 ), suggesting that Neat1 is required for various cellular processes in physiological conditions. In addition, Neat1 can enhance or suppress cancer progression in a condition-specific manner (Adriaens et al. 2016; Mello et al. 2017) . Thus, paraspeckles are proposed to become essential only when mice are placed in certain environments, of which the precise molecular conditions have not been identified (Nakagawa et al. 2011; Nakagawa et al. 2014) .
In this study, we forced the isoform switching of Neat1 by deleting the PAS required for the production of Neat1_1, which has been shown to increase the expression of Neat1_2 at the expense of Neat1_1 expression (Li et al. 2017; Wang et al. 2018; Yamazaki et al. 2018; Modic et al. 2019) . Despite the lack of Neat1_1 expression and hyperformation of paraspeckles in various tissues and cells, no overt phenotype was observed in the mutant mice lacking the Neat1 PAS (Neat1 Δ PAS/ Δ PAS ). Our observation was consistent with the previous hypothesis that paraspeckles are dispensable under normal laboratory conditions and function only when cells are placed in particular conditions.
Results

Generation of mice that lack the PAS essential for the production of Neat1_1
To generate an animal model that displayed forced isoform switching from Neat1_1 to Neat1_2, we created mutant mice that lacked the PAS of Neat1 using CRISPR/Cas9-mediated genome editing. To test the cleavage efficiency of multiple gRNAs, we initially transfected 3T3 cells with plasmids that express Cas9 nuclease and each gRNA targeting the region surrounding the Neat1 PAS ( Figure 1A) . Genomic DNA was isolated from the cells, and DNA fragments containing the cleavage site were amplified by PCR and subjected to T7 endonuclease assays. Among the 5 gRNAs tested, one gRNA that cleaved the sequences inside the PAS (AATAAA) yielded the expected cleavage product at the highest efficiency ( Figure 1B) . We then injected the in vitro-transcribed gRNA and Cas9 mRNA into fertilized eggs and obtained 6 lines with various mutations (Figure 1C) . After a single backcross to C57BL6/N wild-type (WT) mice, we examined the expression of Neat1_2 and Neat1_1 in the salivary glands of heterozygous mice. Because a mutant line that lacked 39 nucleotides, including the PAS, exhibited the highest expression of Neat1_2 relative to the expression of Neat1_1, we focused on this mutant allele (Neat1 Δ PAS ) in the following analyses ( Figure 1D) . To confirm the expression of Neat1 isoforms in the Neat1 Δ PAS/ Δ PAS mice, we crossed heterozygous mice and prepared mouse embryonic fibroblast cells (MEFs) from WT and Neat1 Δ PAS/ Δ PAS embryos. We then purified RNA from the MEFs and performed Northern blot analyses using probes that detected both Neat1_1 and Neat1_2 and probes that specifically detected Neat1_2 (Figure 1F ). The expression of Neat1_1 was completely lost in the Neat1 Δ PAS/ Δ PAS MEFs, whereas Neat1_2 was moderately upregulated in these cells (Figure 1F) . The increase in Neat1_2 was also confirmed by in situ hybridization ( Figure 1G ) and resulted in enhanced paraspeckle formation, as shown by the accumulation of the paraspeckle marker protein Nono (Figure 1G, H) .
The Neat1 Δ PAS/ Δ PAS mice were born at the expected Mendelian ratio (Neat1 +/ + : Neat1 + / Δ PAS : Neat1 Δ PAS/ Δ PAS = 36: 68: 29 for males and 24: 54: 21 for females, p = 1.00 and 0.96, respectively, with a chi-squared test), exhibited a normal body weight (Neat1 +/ + = 23.9 ± 2.4 g, Neat1 Δ PAS/ Δ PAS = 24.3 ± 3.6 g for males at 12-16 weeks, p = 0.89 with Student's t-test), and had no overt morphological or behavioral defects.
Forced isoform switching by PAS deletion leads to the differential upregulation of
Neat1_2 in each tissue in Neat1 Δ PAS/ Δ PAS mice To confirm the isoform switching of Neat1_1 and Neat1_2 in various tissues from WT and ΔPAS mice, we performed Northern blot analyses using RNA prepared from each tissue (Figure 2, Supplemental Figure S1 ). Three 16-week-old male mice were used for this study. In all cases, Neat1_1 expression was completely lost in Neat1 Δ PAS/ Δ PAS tissues, as well as MEFs (Figure 2B, D) . However, the upregulation of Neat1_2 was variable in different tissues (Figure 2C, D) . For example, brown adipose tissue and intestinal tissue exhibited greater fold changes in Neat1_2 (4.12-and 3.9-fold, respectively; Figure 2D ), whereas the testis and salivary gland exhibited much smaller fold changes (1.88 and 1.82, respectively) than the appropriate WT tissues. This result was unexpected because the salivary gland expressed high levels of Neat1 and low levels of Neat1_2, and a forced isoform switch was anticipated to result in strong production of Neat1_2. We also found that the expression of Neat1_1 was almost absent in the liver (Figure 2B) , which was not evident in previous in situ hybridization studies due to the lack of probes that specifically detected the short isoform (Nakagawa et al. 2011 ). The upregulation of Neat1_2 was detected with probes that specifically targeted the long isoform ( Figure 2C) . The upregulation of Neat1_2 appeared much weaker with probes that simultaneously detected Neat1_1 and Neat1_2 (Figure 2B ) than with the Neat1_2 specific probes, probably because the nonspecific probe weakly cross-reacted with other transcripts that showed a similar size to Neat1_2 and were detected in the samples derived from Neat1 KO mice (Supplemental Figure S2 ). RT-qPCR analyses using primers specific for the Neat1_2 region also confirmed the variable upregulation of Neat1_2 in different tissues from Neat1 Δ PAS/ Δ PAS mice (Supplemental Figure S3 ). To study the isoform switching of Neat1 in the Neat1 Δ PAS/ Δ PAS mice and to study paraspeckle formations at the cellular level, we examined the expression of Neat1_1/2 and Neat1_2 by in situ hybridization in three representative tissues, the intestine, liver, and salivary gland, in 8-week-old adult male mice (Figures 3, 4) . In the intestine, strong expression of Neat1_2 was restricted to the tip cells of the intestinal epithelium ( Figure 3A) , as previously described (Nakagawa et al. 2011) . The areas that expressed Neat1_2 were expanded and included the middle region of the intestinal epithelium in the Neat1 Δ PAS/ Δ PAS mice ( Figure 3A) . The ectopic formation of paraspeckles in the middle region of the intestinal epithelium was confirmed by the colocalization of the paraspeckle marker proteins Nono and Neat1_2 (Figure 4A ).
Paraspeckle formation also increased in the tip cells in the intestinal epithelium, which normally form paraspeckles (Figure 4A) . We also observed enhanced expression of Neat1_2 and the subsequent hyperformation of paraspeckles in the liver (Figure 3B,   Figure 4A ), despite the lack of Neat1_1 expression observed in a Northern blot (see discussion). In the salivary glands of WT mice, almost no signals were observed with probes that detected Neat1_2, and intense signals were obtained with probes that detected Neat1_1/2 in granular duct cells, suggesting that these cells almost exclusively expressed Neat1_1 (insets in Figure 3C ). The signals obtained with the Neat1_1/2 probe were substantially reduced in the Neat1 Δ PAS/ Δ PAS mice (Figure 3C) , which was consistent with the absence of Neat1_1 transcript signals on a Northern blot ( Figure   2B ). Statistical analyses also confirmed the increases in the numbers and the areas of paraspeckles per cell in these tissues (Figure 4B, C) , except for the area of paraspeckles in the middle regions of intestinal epithelium, where a small population of cells expressed Neat1_2 and formed prominent paraspeckles (note that the areas of paraspeckles were measured only for paraspeckle-containing cells and not for the cells that do not form paraspeckles). We examined the histology of the three tissues using hematoxylin and eosin (HE) staining, and no gross abnormalities were observed (Figure 3A-C). For these immunohistochemical and histochemical analyses, we examined 6 individual mice for each genotype, which exhibited consistent results.
Because Neat1 expression was downregulated in Malat1 KO mice , we examined the expression of Malat1 in Neat1 Δ PAS/ Δ PAS mice to investigate whether these two noncoding RNAs reciprocally regulated one another (Figure 3D) .
The expression of Malat1 was not significantly altered in the liver, intestine, and salivary gland of Neat1 Δ PAS/ Δ PAS mice (n = 3), consistent with previous observations that Malat1 expression was not affected in Neat1 KO mice (Nakagawa et al. 2011) .
To further investigate the formation of paraspeckles at a high resolution, we observed paraspeckles using structured illumination microscopy ( Figure 4D) . The previously described core-shell structure of the paraspeckles (West et al. 2016) was not evident in the tissue sections, except for the liver sections of Neat1 Δ PAS/ Δ PAS mice, probably because of the freeze-thaw process that was performed during the preparation of the samples (Figure 4D ). However, paraspeckle formations were clearly recognizable by the accumulation of Neat1_2 and Nono, which formed spherical structures in the cells that strongly expressed Neat1_2 (Figure 4D) . In the salivary glands of Neat1 Δ PAS/ Δ PAS mice, Neat1_2 overlapped with Nono but did not form distinct paraspeckles with round shapes (Figure 4D ), suggesting that the assembly of Neat1 ribonucleoproteins was incomplete in this cell type. In the livers of Neat1 Δ PAS/ Δ PAS mice, we observed core-shell structures (insets in Figure 4D ) that were typically observed with cultured cells (West et al. 2016) . Given that the liver cells from WT mice expressed only Neat1_2 (Figure 2B) , upregulated Neat1_2 might be more stable compared to that in other cells, resulting in the formation of "rigid" paraspeckles that are resistant to the freeze-thaw process during the preparation of tissue sections.
In summary, Neat1_2 was differentially upregulated in the Neat1 Δ PAS/ Δ PAS mice, which did not correlate with the expression levels of Neat1_1, resulting in a variable increase in paraspeckle formation in each cell type. (Figure 5A ). All of these molecular markers in Neat1 Δ PAS/ Δ PAS mice exhibited similar expression patterns to those in WT mice (Figure 5B ), suggesting that the organogenesis of the intestinal epithelium was not affected by the hyperformation of paraspeckles. We also examined the salivary gland, which strongly expressed Neat1_1, and found that Neat1_1 expression was completely lost in the salivary gland of mutant mice. The murine salivary gland is mainly composed of two cell types: acinar cells (Nkcc1+ cells) that secrete saliva (Evans et al. 2000) and granular duct cells that produce many growth factors and hormones, including NGF (Schwab et al. 1976) (Figure 5C ). Again, we did not observe significant changes in the expression of these molecular markers in Neat1 Δ PAS/ Δ PAS mice (Figure 5D ). Together, these results and the results of histological analyses using HE staining indicated that the deletion of the Neat1 PAS did not lead to observable phenotypes despite causing the hyperformation of paraspeckles and the loss of Neat1_1 expression. We also examined the expression of intestinal zonation markers and salivary gland markers in Neat1 full KO mice, which essentially lack the expression of both Neat1_1 and Neat1_2 ). We did not observe any recognizable changes in marker expression, suggesting that the cellular differentiation of the intestine and salivary gland is not regulated by the formation of paraspeckles during normal development (Supplemental Figure S4 ).
Discussion
Here, we demonstrated that forced isoform switching by deletion of the Neat1 PAS leads to the loss of Neat1_1 and the concomitant upregulation of Neat1_2 in various mouse tissues, as was previously reported for U2OS cells (Li et al. 2017 ), HAP1 cells , and ES cells (Modic et al. 2019) . The ectopic formation of paraspeckles, as confirmed by the colocalization of Neat1_2 and the paraspeckle marker protein Nono, was observed in cells that normally do not express Neat1_2, including the middle cells in the intestinal epithelium. Enhanced formation of paraspeckles was also observed in cells that endogenously express Neat1_2, including the tip cells in the intestinal epithelium and liver cells. Despite the hyperformation of paraspeckles in various cell types, Neat1 Δ PAS/ Δ PAS mice were born at the expected Mendelian ratios and did not exhibit any obvious external or histological abnormalities. We also failed to detect any defects in cellular differentiation in Neat1 Δ PAS/ Δ PAS mice using the selected molecular markers. These observations are inconsistent with a recent result showing that hyperformation of paraspeckles upon deletion of the Neat1 PAS in mouse ES cells leads to enhanced expression of differentiation marker genes in tetraploid complemented embryos (Modic et al. 2019 ). However, the morphological appearance of these embryos was comparable to that of the control embryos reconstituted with WT ES cells, suggesting that enhanced formation of paraspeckles does not interfere with normal development. Thus, the expression of specific genes may be affected in Neat1 Δ PAS/ Δ PAS mice, but we failed to detect these changes because we used a limited number of marker genes. This hypothesis is consistent with a recent report showing that deletion of PAS in (Nakagawa et al. 2011; Nakagawa et al. 2014) . Indeed, the expression of Neat1_2 and paraspeckle formation are enhanced by various stimuli, including viral infection (Saha et al. 2006) , prolonged cell culture (Nakagawa et al. 2011) , proteasome inhibition ), poly-I:C transfection (Imamura et al. 2014) , and mitochondrial stress (Wang et al. 2018) . Importantly, Neat1 is controlled by the p53 pathway, but cancer progression is enhanced or inhibited in a context-dependent manner: the lack of Neat1 enhanced the development of premalignant pancreatic intraepithelial neoplasias in KrasG12D-expressing mice (Mello et al. 2017) , whereas the progression of skin neoplasias induced by carcinogens was suppressed in Neat1 KO mice (Adriaens et al. 2016 ). Therefore, Neat1 Δ PAS/ Δ PAS mice may exhibit certain phenotypes when the animals are placed under appropriate experimental conditions.
While previous studies demonstrated that the alternative use of the PAS results in isoform switching of Neat1_1 and Neat1_2 (Naganuma et al. 2012; Li et al. 2017; Yamazaki et al. 2018; Modic et al. 2019) , we observed that the upregulation of Neat1_2 in Neat1 Δ PAS/ Δ PAS mice was highly variable among the tissues and did not correlate with the expression level of Neat1_1. For example, granular duct cells highly expressed Neat1_1, which should result in the abundant production of Neat1_2 in Neat1 Δ PAS/ Δ PAS mice. However, Neat1_2 was upregulated only moderately in these cells. As granular duct cells express low levels of Fus (S.N., unpublished observations), which is essential for the assembly of Neat1 ribonucleoprotein complexes into paraspeckles (Naganuma et al. 2012; Shelkovnikova et al. 2014; West et al. 2016) , the induced Neat1_2 might show low stability in this cell type. However, Neat1_2 was upregulated in the liver of Neat1 Δ PAS/ Δ PAS mice despite a lack of detectable expression of Neat1_1 on Northern blots, which cannot be explained by the simple isoform switching mechanism. We speculate that Neat1_1 is produced in liver cells but that it is unstable and is rapidly degraded, and the deletion of PAS may convert these cryptic Neat1_1 transcripts into stable Neat1_2, resulting in the enhanced formation of paraspeckles.
Considering that Hnrnpk and Cpsf6 are ubiquitously expressed in mouse tissues, the ratio of Neat1_1 and Neat1_2 might be regulated by the differential stabilization of each isoform in certain cell types. Alternatively, post-translational modification of Hnrnpk and Cpsf6 and/or the isoforms of these proteins might differentially affect the selection of the Neat1 PAS. Thus, researchers should investigate the post-transcriptional regulation of Neat1 transcripts and the precise molecular features of the associated proteins to fully elucidate the physiological roles of paraspeckles and the molecular mechanisms that lead to the differential formation of paraspeckles in living organisms.
In many mouse tissues, Neat1_1 is much more abundant than Neat1_2, and its sequence, including the poly-A signal, is evolutionarily conserved between species. In addition, Neat1_1 localizes to non-paraspeckle sites and forms "microspeckles" in the cells that do not form paraspeckles (Li et al. 2017 ), suggesting that Neat1_1 may have paraspeckle-independent functions. Because Neat1 Δ PAS/ Δ PAS mice lack Neat1_1 expression, they can serve as a model to address the specific functions of Neat1_1.
Neat1 Δ PAS/ Δ PAS female mice did not exhibit decreased fertility (IM and SN, unpublished observation), suggesting that the impaired formation of corpus luteal cells in the Neat1 KO mice ) was caused by the lack of Neat1_2 but not Neat1_1 expression. The lack of overt phenotypes in Neat1 Δ PAS/ Δ PAS mice also suggests that Neat1_1 does not have an essential role, at least during normal development under laboratory conditions. The evolutionary conservation of Neat1_1 may be explained by the ability of these sequences to stabilize Neat1_2 , which shares the same sequence. The Neat1 PAS may be conserved because it enables acute induction of Neat1_2 without changes in promotor activities, and Neat1_1 is a by-product of the alternative use of the Neat1 PAS. Identification of a condition where acute isoform switching has an essential role is needed to test this possibility.
Materials and methods
Animals
All experiments were approved by the safety division of Hokkaido University (#2015-079). For anesthetization, medetomidine-midazolam-butorphanol (Kawai et al. 2011) was intraperitoneally injected at a volume of 10 µl/g of body weight. The genotyping of Neat1 ΔPAS mice was performed with Quick Taq HS DyeMix (Toyobo #DTM-101, Japan) and the following primers.
Neat1_PAS_KO_FW: 5'-GGGAAGCTGTTAAACTGTCAGTC-3' Neat1_PAS_KO_RV: 5'-TCGGTATACAGGATGCTTTG-3'
The following PCR conditions were used: one cycle at 94ºC for 2 min; 35 cycles of 94ºC for 30 sec, 57ºC for 30 sec, and 68ºC for 1 min; followed by 68ºC for 5 min. For determination of the Mendelian ratio, heterozygous animals extensively backcrossed to C57BL6/N animals (>8 times) were mated, and the genotype of the offspring was determined at weaning (3 weeks). For statistical analyses, a chi-square test was performed.
T7 endonuclease assay
For generation of plasmid vectors expressing gRNAs designed to target various regions around the Neat1 PAS, the vectors were amplified with the following forward (F) and reverse (R) primers, and a modified U6-expression vector was used as a template (Inui et al. 2014) . After sequence validation, 3T3 cells were transfected with the gRNA-expressing plasmids and the Cas9-expressing plasmid hCas9 (Addgene #41815) using Lipofectamine LTX reagent (Thermo Fisher #15338100) following the manufacturer's instructions. Genomic DNA was isolated using a standard procedure 65 hours after the transfection, and the DNA fragments around the target sequences were amplified with the following primers using PrimeSTAR Max (TaKaRa, Japan).
Neat1_T7_FW: 5'-GGGAAGCTGTTAAACTGTCAGTC-3' Neat1_T7_RV: 5'-GACAGAATTGCATGTACAGACTG-3'
The following PCR conditions were used: 1 cycle at 98°C for 1 min; followed by 30 cycles of 10 sec at 94ºC, 10 sec at 55ºC, and 20 sec at 72ºC; and one cycle at 72ºC for 2 min.
Amplified fragments were purified using a Wizard SV Gel and PCR Clean-Up System (Promega #A9281), diluted at a concentration of 1 µg/20 µl, and subjected to denaturation-denaturation reactions with the following conditions: 1 cycle at 95ºC for 1 min and 60 cycles at 85ºC for 10 sec with a 1ºC decrease for each cycle; the samples were then held at 25ºC. The reannealed fragments were treated with 5 units of T7 endonuclease 1 (NEB, #M0302S) at 37ºC for 25 min and immediately separated with 7% polyacrylamide gel electrophoresis.
Generation of genome-edited mice using RNA injection
For preparation of template DNA for in vitro-transcribed gRNA, PCR was performed using the following primers, and the gRNA expression vector used for the T7 assay was the template.
Neat1_gRNA1_T7_temp FW: 5'-TAATACGACTCACTATAGGGGTCCCCTTTACAGCAAAATAA-3' gRNA_Vec_RV:
5'-AAAAAAGCACCGACTCGGTG-3'
The following PCR conditions were used: 1 cycle at 94ºC for 2 min; followed by 30 cycles of 98ºC for 10 sec and 68ºC for 10 sec; and 1 cycle at 68ºC for 5 min. Amplified fragments were purified with a QIAquick PCR Purification Kit (QIAGEN, #28104) and subjected to in vitro transcription using an mMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher #AM1344) following the manufacturer's instructions. Transcribed RNAs were purified with a MEGAclea Transcription Clean-Up Kit (Thermo Fisher #AM1908). For preparation of Cas9 mRNA, hCas9 was digested with NotI and purified with QIAquick PCR Purification Kit. In vitro transcription was performed using 1 µg of the template plasmid and an mMESSAGE mMACHINE T7 Transcription Kit, and the template plasmid was digested with Turbo DNase (Thermo Fisher #AM2239).
Transcribed mRNAs were purified LiCl precipitation and were used for injection.
Single-stranded oligo-DNA was synthesized to introduce the EcoRV restriction site.
Neat1_EcoRV_ssDNA:
The RNA and DNA samples were mixed with 25 ng/µl Cas9 mRNA, 12.5 ng/µl gRNA, and 100 ng/µl ssDNA-oligo, and the injection into fertilized eggs was performed by RIKEN RRC. For identification of genome-edited mice, genomic DNA was obtained from the tail of the mice using standard procedures, and PCR fragments were obtained using the primers for the T7 nuclease assay and subjected to agarose gel electrophoresis after digestion with EcoRV. The sequences of the amplified DNA fragments that exhibited differential migration were determined using direct sequencing.
qPCR analyses of Neat1_1/2 and Neat1_2 expression
RNA was obtained from mouse tissues using TRIzol reagent (Thermo Fisher #15596026) following the manufacturer's instructions. For increased recovery of Neat1_2, homogenized lysates were incubated at 55ºC for 5 min, as previously described (Chujo et al. 2017) . After DNase I treatment (Recombinant DNase I, TaKaRa #2270A), cDNAs were synthesized with ReverTra Ace qPCR RT Master Mix (TOYOBO, #FSQ201), and qPCR was performed with a TaKaRa Thermal Cycler Dice TP870 using TB Green Premix Ex TaqII (TaKaRa #RR820A) and the following primers.
qPCR_Gapdh_FW: 5'-CCTCGTCCCGTAGACAAAATG-3' qPCR_Gapdh_RV: 5'-TCTCCACTTTGCCACTGCAA-3' qPCR_Neat1_1/2_FW: 5'-TTGGGACAGTGGACGTGTG-3' qPCR_Neat1_1/2_RV: 5'-TCAAGTGCCAGCAGACAGCA-3' qPCR_Neat1_2_FW: 5'-GCTCTGGGACCTTCGTGACTCT-3' qPCR_Neat1_2_RV: 5'-CTGCCTTGGCTTGGAAATGTAA-3'
Probe preparations for in situ hybridization
Neat1_1 and Neat1_2 were detected using probes that were described previously (West et al. 2016) . For other markers, DNA fragments were prepared by RT-PCR as follows.
For preparation of cDNAs, 1 µg of total RNA was reverse transcribed using ReverTra Ace (TOYOBO #TRT-101) and oligo-dT (TOYOBO, #FSK-201) or random primers (TOYOBO #FSK-301) at 30ºC for 10 min, followed by 42ºC for 45 min, 50ºC for 15 min, and 99ºC for 5 min. Mixed cDNAs were used as a template for the subsequent PCR using PrimeSTAR Max DNA Polymerase (TaKaRa #R045A). The following PCR conditions were used: 1 cycle at 98ºC for 1 min; 35 cycles at 98ºC for 10 sec, 55ºC for 5 sec, and 72ºC for 10 sec; followed by 72ºC for 1 min. Amplified fragments were purified using a Wizard SV Gel and PCR Clean-Up System and subcloned into pCRII using a TOPO TA Cloning™ Kit Dual Promoter (Thermo Fisher, #450640). The Ngf_FW: 5'-GAGTTTTGGCCTGTGGTC-3' Ngf_RV: 5'-TCGGTATACAGGATGCTTTG-3' Nkcc1_FW: 5'-AGGTCTCTCTGTCGTCGTAA-3' Nkcc1_RV: 5'-ATGGCCACAGATCATTAAAC-3' For preparation of a template for in vitro transcription, DNA fragments were amplified by PCR using the M13 FW and RV primers and cDNAs that were subcloned into pCRII as a template. Amplified DNAs were purified with a Wizard SV Gel and PCR Clean-Up System and were used for in vitro transcription with Fluorescein RNA labeling Mix (Merck, #11685619910) and T7 (Merck, #10881767001) or SP6 polymerase (Merck, #11487671001).
In situ hybridization and immunohistochemistry
In situ hybridization was performed as described previously (Nakagawa et al. 2011; Mito et al. 2016) . Briefly, anesthetized adult mice were perfused with 4% paraformaldehyde (PFA) in PBS. Dissected tissues were further fixed for 16 hours at 4ºC, rinsed in PBS, and cryoprotected in 30% sucrose in PBS. After the samples were embedded in Tissue-Tek OCT compound (Sakura, Japan), frozen sections were cut at a thickness of 8 µm and were collected on poly-L-lysine (PLL)-coated slide glasses (Matsunami glass #S7441). After rehydration in PBS, the sections were subjected to in situ hybridization with Proteinase K treatment . MEF cells were cultured on PLL-coated coverslips and fixed in 4% PFA in PBS, rinsed in PBS, permeabilized in 0.5% Triton X-100 for 10 min at room temperature, and processed for in situ hybridization without Proteinase K treatment . For immunohistochemistry, mice were perfused with 10 ml of PBS to reduce background signals from the endogenous IgGs, and dissected tissues were freshly frozen in OCT compound. Sections were fixed in 4% PFA overnight at 4ºC, and antigen retrieval was performed in HistoVT One (Nacalai, Japan, #06380) for 20 min in a Coplin jar placed in boiling water. The antigen retrieval treatment strongly reduces background signals derived from endogenous mouse IgG when using mouse monoclonal antibodies. The following antibodies were used: mouse monoclonal anti-Sfpq (Abcam, #ab11825), mouse monoclonal anti-Nono (Souquere et al. 2010) , mouse monoclonal anti-Pspc1 (clone 1L4, Sigma), mouse monoclonal anti-Fus (clone 4H11, Santa Cruz), rabbit polyclonal anti-Brg1 (#A300-813A, Bethyl Laboratories), rabbit polyclonal anti-Tardbp (#10782-2-AP, Proteintech), Cy3-conjugated goat anti-mouse IgG (Merck, #AP124C), Alexa 488-conjugated anti-rabbit IgG (Invitrogen, #A11029), and rabbit polyclonal anti-FITC (Abcam, #ab73831). For preparation of paraffin-embedded sections, perfused tissues were postfixed in Bouin's solution (Merck, #HT10132) for 16 hours at 4ºC and were processed using standard procedures. The bright-field images were obtained with an epifluorescence microscope (BX51; Olympus) equipped with a CCD camera (DP70).
Fluorescent and structural illumination microscopy images were obtained with a Zeiss PS1 microscope with 63X water immersion objectives. Fluorescent images of tissue sections were obtained with a Zeiss LSM800 confocal microscope equipped with 63X water immersion objectives. The quantification of paraspeckle areas was performed by measuring the Neat1_2-positive areas that overlapped with Nono signals using ImageJ software.
Quantification of paraspeckle formations
For quantification of the number and areas of paraspeckles, signals above the background signals were binarized using "Image> Adjust> Threshold" of ImageJ software. Segmentation was performed using "Process> Binary> Watershed", and the area and the number of each segment were calculated using "Analyze> Analyze particles". Statistical analyses were performed using R.
Northern blotting
Five micrograms of total RNA was separated on a denaturing gel (1% agarose gel, 1X MOPS, 2% formaldehyde), the gels were rinsed twice in distilled water for 15 min, and the RNA samples were hydrolyzed in 0.05N NaOH for 20 min. This alkali treatment step is critical for detecting Neat1_2 transcripts. After the samples were soaked in water and subsequently incubated twice in 20X SSC for 45 min, the RNA samples were transferred to a positively charged nylon membrane (Merck, #11209299001) and were hybridized with probes at a concentration of 1 µg/ml in DIG Easy Hyb (Merck, #11603558001). The hybridized probes were detected with anti-Dig AP (Merck, #11093274910) and CDP-Star (Merck, #11685627001) following the manufacturer's instructions. 
Figure legends
